Abstract -The development of non-shear thinning elastic liquids and their impact in bridging the gap between predictions from continuum theory and practical reality in problems of interest in polymer processing is described. It is shown that the highly elastic, constant viscosity fluids represent a class of fluid behaviour consistent with molecular theory, which can be described at low shear rates by a constitutive equation developed by Oldroyd in 1950. Experimental observation with these materials has allowed elastic effects to be observed in flow fields for the first time in the absence of any effects due to a varying viscosity, and has also allowed direct comparison to be made with predictions from continuum theory in these flows. In squeeze film flows good agreement between observation and prediction is obtained. In exit flows (extrudate swell) significant elastic effects are observed and predicted but the agreement between observation and numerical simulation is poor at high levels of elasticity. In tubular entry flows (die entry flows) large vortex enhancement due to elasticity is observed which is not predicted by the appropriate continuum analysis. It is not clear why continuum theory is adequate in some flow and inadequate in others. Nevertheless great strides have been made in the solution of flow problems of importance in polymer processing.
INTRODUCTION
For those contemplating working on the experimental investigation and quantitative observation of the kinematics of viscoelastic fluid flows of relevance in polymer processing, difficulties arise at the outset in the choice of appropriate test fluids. Since a major practical and economic interest in these flows involves molten polymers, it would seem logical and appropriate to choose a molten polymer for the investigation. Such is not the general case. In addition to the difficulties of generating an isothermal flow at elevated temperatures and the lack of optical clarity of some polymers for visual study, even the simplest elastic property measurements, like the first normal stress difference, can rarely be obtained at shear rates exceeding 10 51 -a level usually too low to be of interest in the practical processing situation. Hence with a few exceptions, one being the work of White and Kondo on entry flows (ref. 1) , most workers concerned with observing the kinematics of polymer melt flows have not attempted or have not been able to accompany their observations with any fundamental elastic property measurement at appropriate shear rates. By necessity then less understood empirical indications of fluid elasticity such as the end correction in a capillary rheometer (ref. 2) , the exit pressure (ref. 3) , and die swell (ref. 4 ) have been used. Although much has been learned in regard to the behaviour of specific polymers in certain complex flows of practical interest, little of this information has been helpful in developing and using constitutive equations for the solution of fluid mechanics problems for viscoelastic fluids in polymer processing flows. This is in contrast to inelastic Newtonian fluids where the Newtonian fluid constitutive equation with the equations of motion is sufficient to solve (in principle) any Newtonian fluid mechanics problem.
Therefore, many investigations, concerned with the more general problem of bridging the gap between experiment and theory and developing a fluid mechanics for viscoelastic fluids, have turned their attention to an examination of the behaviour of viscoelastic polymer solutions in flow fields of interest. These solutions can be used at room temperature and it is possible and relatively simple to measure at least the viscosity and first normal stress difference at shear rates ranging up to 1000 51• Hence a minimal, although perhaps inadequate, characterization of these materials can be obtained. Polyacrylamide in water solutions have been the most popular choice. They are optically clear in solution at room temperature, are significantly elastic in so far as the ratio of the first normal stress difference to the shear stress is in the range expected for many molten polymers (ref. 1 and 5) , and they are highly shear thinning (ref. 6 ) like most polymer melts. In addition there is evidence to suggest that they exhibit strain thickening in extension (ref. 7) which is typical of low density polyethylenes and polystyrenes (ref. 8) . However, their shear viscosities can be orders of magnitude lower than typical molten polymers as are their relaxation times calculated in the basis of a Maxwell constitutive equation (Eq. 1). The earlier experimental observations for solutions have therefore been made for shear thinning, low viscosity elastic liquids under conditions where fluid inertia (a variable not present in polymer processing flows) may be introduced in addition to the shear thinning and elastic characteristics of the fluid.
With the revolution in computation and our ability now to solve numerically very complex fluid mechanics problems, a considerable gap has developed between those who use constitutive equations for viscoelastic fluids with the general flow equations in an attempt to solve practical polymer processing problems and those who are attempting to experimentally verify the predictions from these very sophisticated numerical solutions. The major reason for the gap is that most of the numerical solutions examine elastic effects in the absence of shear thinning and fluid inertia, while the experimental observations are made for real fluids that are not only elastic but also shear thinning under conditions for polymer solution flows where fluid inertia may also be an important variable (ref. 9) .
In recent years however highly elastic non-shear thinning fluids (the so called Boger fluids (ref. [10] [11] [12] ) have been developed and used by a number of researchers to study the effect of elasticity in flow fields in the absence of any significant shear thinning and fluid inertia (ref. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Much of this work has been motivated by a need to verify the results being generated from (i) to reinforce the conclusion that a general class of real materials exist which exhibit both high elasticity and non-shear thinning characteristics
(ii) to demonstrate once again that such behaviour is consistent with dilute solution theory and that this class of fluid behaviour does not violate simple fluid theory, (iii) to clearly show that a three constant Oldroyd B constitutive equation is more appropriate to model the behaviour of this class of material than the convected Maxwell model, but to stress that the Oldroyd B equation is only applicable at low shear rates for these dilute solutions,
(iv) to demonstrate that direct comparison between theoretical prediction and experimental observation is now possible in a Weissenberg number region where significant elastic effects as observed in a non-viscometric flow, and finally (v) to stress that understanding this class of fluid behaviour is essential for future prediction of the behaviour of more complex polymers in processing flows. Figure 1 shows dynamic and steady shear properties typical of the non-shear thinning elastic fluids constructed from polyacrylamide dissolved in corn syrup (ref. 10, 34) . The fluid (0.02% Separan AP 30, 4% water, 95.98% corn syrup) was prepared in our laboratory where shear stress, 'r12, and first normal stress difference, N1, measurements were made with an R-l9 Weissenberg Rheogoniometer. The shear stress, T12, and the storage modulus, G', and the loss modulus, G", were also measured in the laboratories of Professor Böhme and Professor Spurk at the Hochschule der Brundeswehr Hamburg and the University of Darmstadt respectively. Note that the shear stress data from the two laboratories agree and that the viscosity is essentially constant with shear rate. Also note that at shear rates less than 8 s_i the first normal stress difference varies It is now quite clear that non-shear thinning and highly elastic fluids can be constructed by dissolving a high molecular weight polymer in a very viscous Newtonian solvent and that this ideal behaviour is not unique to the polyacrylamide corn syrup system where the behaviour was first observed (ref. 10, 11, 13) . Such behaviour has also been observed for polyisobutylenes dissolved in polybutenes (ref. and for an Oldroyd B fluid, where
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The retardation time, A2, is defined in terms of the solvent and polymer contributions to the viscosity by X2 =
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. (8) As has also been shown for the polyacrylamide corn syrup fluids (ref. 29, 34) , the Maxwell model is only applicable at very low shear rates while the Oldroyd B model does predict the observed deviation in quadratic behaviour in G' at the higher shear rates. However at shear rates greater than 1 s the Oldroyd B model also fails even through N1 is still quadratic with shear rate at these conditions. 30) . Effectively the materials are dilute solutions, constructed by dissolving small amounts of high molecular weight polymer in a very viscous Newtonian solvent. There is no magic recipe and many combinations are possible. In such systems possible shear thinning effects are masked by the presence of the high viscosity solvent. Furthermore, for the first time real materials exist where the measured continuum properties are consistent with both molecular and continuum theory. The constant viscosity elastic fluids are not true Oldroyd B fluids, but their steady and dynamic properties can be effectively predicted at low shear rates by this model. There is additional evidence that the second normal stress difference, N2, may be zero for these fluids (ref. 33, 41) which is also consistent with the dumbbell interpretation andthe Oldroyd B model. However the available information on extensional behaviour (ref. 19, 32) suggests that the Oldroyd B model may be far from adequate to represent the flow when there is a significant extensional contribution.
Dilute solutions of constant viscosity and high elasticity are available. It is now necessary to re-examine both molecular and continuum theories to establish a better constitutive equation for these simple fluids. The major requirement for this investigation is some good extensional viscosity measurements coupled with steady and dynamic shear property measurement on carefully prepared samples. This conclusion will be confirmed in the next section where we compare experimental observation to numerical simulation in flow fields of interest. The results of squeeze film flow measurements for a constant viscosity elastic fluid are presented in Fig. 5 where the dimensionless load = nVR/4h (9) is shown as a function of dimensionless time (10) An Instron testing machine was used for the constant velocity, V, squeeze film measurements. A schematic diagram is shown in Fig. 4 where the appropriate symbols are also defined. The The experimental results shown in Fig. 5 are in agreement with the theoretical prediction. The load is reduced as a result of fluid elasticity, the reduction seems to increase with increasing We as predicted by the theory, and for the range of Weissenberg numbers examined The exact Oldroyd B parameters for the ideal elastic fluid used in the experiment, unfortunately, are not available. To date there has not been a direct comparison between numerical simulation and experimental observation. This is now possible by comparing die swell observations obtained with well characterized ideal elastic fluids to results now available or which can be generated with available numerical codes.
LGJJGq fi flJG JqGJ Note that the experimental and numerical results are in agreement only at the lower shear rate limit for each ideal fluid experiment. This is to be expected as the Maxwell model can only be expected to apply at extremely low shear rates (see Crochet to speculate that it is the constant viscosity and quadratic normal stress behaviour which may be the cause of this lack of deviation from Newtonian behaviour; a conclusion which hardly seems reasonable in light of the evidence available for squeeze film and die swell flows. Keunings In addition to elasticity this model also allows shearthinning and there is no available experimental data for comparison. However according to Keunings and Crochet this work (ref. 57) "reopens the acute question of why the iterative procedure fails under some sets of circumstances related to the mesh (used), the fluid and the problem".
CONCLUSION
Families of non-shear thinning elastic fluids are now available which allow elastic effects to be observed in the absence of significant shear thinning and inertial effects in flow fields of practical interest. The behaviour of these ideal fluid system is consistent with molecular theory and their continuum properties are well fit by the Oldroyd B constitutive equation at low shear rates. Observed elastic effects in a non-viscometric flow field (squeeze film flow) have been predicted from continuum theory for the first time. However the question remains as to why the finite element predictions are adequate in one flow field and are inadequate in another. It is clear that a better constitutive equation is required for this class of fluid behaviour. With such an equation and good experimental observations the gap between continuum theory and practical reality in polymer processing will be bridged.
